Abstract
Background
The auditory brainstem of mice is composed of several nuclei organized in distinct complexes (Fig. 1) . The cochlear nucleus complex (CNC) is the first station of central sound processing and consists of three nuclei: the dorsal, the posteroventral, and the anteroventral cochlear nucleus (DCN, pVCN, and aVCN, respectively). The aVCN is connected to several nuclei of the superior olivary complex (SOC; Fig. 1 ) [1, 2] . SOC nuclei are important for initial computation of sound source detection and sound duration [3, 4] . For both computational processes, inhibition plays an important role. In high frequency hearing animals like mice, detection of sound sources in the azimuth is mainly achieved by computing interaural level differences (ILD), arising from intensity differences at both ears [5, 6] . These differences are detected at the level of the lateral superior olive (LSO) within the SOC. To perform this task, the LSO receives excitatory input from the ipsilateral aVCN and inhibitory input from the contralateral aVCN via the ipsilateral medial nucleus of the trapezoid body (MNTB; Fig. 1 ). Thereby the LSO compares sound information from both ears to determine sound sources in the horizontal plane. The MNTB also provides strong inhibitory input to the medial superior olive (MSO) and the superior paraolivary nucleus (SPN, Fig. 1 ). In the MSO, this inhibition contributes to processing of interaural time differences [7] . In high frequency hearing animals such as the mouse, the MSO, however, plays a minor role [8] . In the SPN, inhibitory input suppresses action potential firing during a sound and triggers an offset response at sound termination [4] . This mechanism thus contributes to the encoding of duration and termination of sound, two important parameters in sensory perception.
During the analysis of various transgenic mouse models [9] [10] [11] [12] , we observed occasionally a gradient in immunoreactivity against the vesicular inhibitory amino acid transporter VIAAT (also known as VGAT) in the LSO. This protein serves as an ideal marker for inhibitory synapses, as it is the only transporter filling synaptic vesicles with the inhibitory neurotransmitters glycine and GABA [13] [14] [15] . Here, we investigated VIAAT-immunoreactivity (VIAAT-ir) in a systematic way during development in a total of six different mouse models: four different wildtype-strains, one transgenic mouse line with congenital deafness and one mouse line with cochlear ablation. This design enabled us to identify an activity-dependent and strain-specific formation of a VIAAT gradient in the SOC.
Methods

Animals and tissue preparation
The experiments were performed with wildtype mice of the NMRI, C57Bl6/J, 129/SvJ and CBA/J strains as well as with transgenic Cldn14 −/− mice, lacking the tight junction protein claudin 14 [16] . This transgenic mouse line was bred on an NMRI background. In total 27 mice Fig. 1 Schematic outline of auditory brainstem nuclei. Sound information is transduced in the hair cells of the cochlea and conveyed to the central auditory processing centers. The LSO is central for processing interaural level differences to detect sound sources in the horizontal plane in high frequency hearing animals. It receives excitatory input via the ipsilateral aVCN and inhibitory input via the MNTB, which in turn gets excitatory input from the contralateral aVCN. In addition, the MSO and the SPN receive inhibitory input via the MNTB. Note that not all inhibitory inputs are depicted. Gray: tonotopic gradient; green: VIAAT-immunoreactivity; blue: excitatory connection, red: inhibitory connection. aVCN: anteroventral cochlear nucleus; LNTB: lateral nucleus of the trapezoid body; LSO: lateral superior olive; MNTB: medial nucleus of the trapezoid body; MSO: medial superior olive; SPN: superior paraolivary nucleus, VNTB: ventral nucleus of the trapezoid body aged between postnatal days (P) 8 and 48 of both sexes were used. A detailed overview of animals is depicted in Table 1 . For fixation of brain tissue, animals were anesthetized with chloral hydrate (700 mg/kg body weight i.p.) and transcardially perfused with phosphate buffered saline (PBS; 136.9 mM NaCl, 2.7 mM KCl, 10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4), followed by Zamboni's solution (2% paraformaldehyde, 15% picric acid in 0.15 M phosphate buffer). Brains were removed from the scull and postfixed for 2-4 h. in Zamboni's solution. After incubation in 30% sucrose/PBS for cryoprotection, 30-µm-thick coronal sections were cut through the brainstem, collected in 15% sucrose/PBS, rinsed in PBS and stored at 7 °C until used for immunohistochemistry.
Bilateral cochlea ablation
Cochlea ablation was performed as described previously [17] . NMRI mice aged P27 were anesthetized with a mixture of Ketamine and Xylazine (90 and 7 mg/kg bodyweight i.p., respectively). The head of the animal was fixed in a stereotaxic instrument and the pinnae of both ears were tied to the front. By a deep cut behind the ear, the eardrum was uncovered and ruptured with a hollow needle to expose the auditory ossicles. After detaching the malleus, the whole organ of Corti was removed using a hollow curved needle. The wound was cleaned, filled with gel foam and surgically closed. Operated animals were administered the analgesic Novalgin (200 mg/ kg bodyweight i.p.). Subsequently, animals were housed in separated cages. Weight and health conditions were checked daily. Operation was considered successful, if operated animals showed no Preyer reflex in response to sound exposure. Animals were perfused as described above 3 weeks after cochlea removal.
Immunohistochemistry
Free floating immunohistochemistry was performed as described previously [10, 18] . Briefly, slices were incubated in blocking solution containing 3% bovine serum albumin, 10% goat serum and 0.3% Triton in PBS (pH 7. 
Image acquisition
Full focus image stacks of the SOC were taken with a BZ 8100 E fluorescence microscope (Keyence, NeuIsenburg, Germany), equipped with Nikon Plan Apo 4× and 20× objectives. A constant exposure time was set for all images. Files were obtained using the Keyence BZ observation software and processed in Adobe Photoshop CS6 (Adobe Systems) or Image J (U. S. National Institutes of Health, Bethesda, MD, USA). To be able to count VIAAT-positive synaptic boutons, detailed images of the LSO were taken with a TCS SP2 confocal microscope (Leica, Wetzlar, Germany), equipped with a Leica HCX PL APO 63× oil immersion objective. Image stacks of 1024 × 1024 pixels were taken with fixed parameters concerning laser power and pinhole settings. Images were processed using Image J.
Gray value analysis
To analyze VIAAT-ir in the lateral and medial limb of the LSO and SPN, regions of interests (ROIs) of 70 × 70 μm or 50 × 50 µm, respectively, were analyzed for their mean gray values (3 animals per age, strain and genotype, 4-6 LSO sections per animal). Background fluorescence was determined in a third ROI outside of the SOC in a nonnucleic region. The mean value of the medial limb was set to 100%. Bars depict the relative lateral gray value compared to medial (dashed line). Using SPSS Version 23.0 Table 1 Overview of mouse lines and number of animals used NMRI C57Bl/6J 129/SvJ CBA/J Cldn14
(IBM Corp., Armonk, NY, USA) the data set was defined as non-Gaussian distributed. Statistical analysis was therefore performed using the Mann-Whitney U test. Error bars illustrate the standard deviation (SD). Analysis was carried out blind to the respective genotype.
Bouton counts
VIAAT-positive boutons were counted in a 70 × 70 µm ROI of confocal image stacks of the lateral and medial limb of the LSO. To determine the number of VIAATimmunoreactive boutons, images were converted into binary images and the watershed routine was applied to separate particles. Single particles were considered as boutons between a size of 0.44 and 2.20 µm as defined previously [19] . Larger particles were expected to be accumulations of single boutons. To obtain the total number of boutons, the size of accumulations was divided by 1.3 (i.e. the average bouton size). Error bars depict the SD. Student`s t test was used as a test for statistical significance after testing for Gaussian distribution. Analysis was carried out blind to the respective genotype.
Results
Developmental VIAAT-gradient in the LSO of NMRI mice
To study inhibitory inputs in mice, we used immunoreactivity against VIAAT. This vesicular carrier serves as an important and routinely used marker for presynaptic inhibitory terminals, as it is the only transporter filling synaptic vesicles with the inhibitory neurotransmitters GABA and glycine [13] [14] [15] . In the SOC of P30 NMRI mice, VIAAT-ir showed a strong gradient across the LSO with considerably higher immunoreactivity in the lateral limb of this nucleus ( Fig. 2A a, a′) . To test if an increased number of boutons accounts for the strong immunosignal in the lateral limb, VIAAT-positive boutons were counted in both limbs of the LSO (Fig. 3) . Quantification of VIAAT-boutons in a ROI of 70 × 70 µm revealed no difference in bouton abundancy ( Fig. 3B ; medial: 1392 ± 259, lateral: 1415 ± 204; p = 0.878), indicating a stronger VIAAT expression in synaptic boutons of the lateral limb. In addition, the SPN, which receives inhibition from the MNTB as well (Fig. 1) , demonstrated a gradient in VIAAT-ir ( Fig. 2A a, a″) . In contrast, no gradient was obvious in other SOC nuclei. Non-auditory hindbrain regions surrounding the SOC also demonstrated a uniform VIAAT distribution ( Fig. 2A a) . The VIAAT-ir gradient thus appears to be specific for the LSO and SPN. The auditory system of mice is not fully developed at birth and hearing-onset occurs around P10 [20] . We therefore investigated the time course of gradient formation. Since distinction of lateral and medial regions in the SPN is not as clear as in the LSO, most of our analysis focused on the LSO. Developmental analysis revealed that the VIAAT gradient in the LSO is mainly established between P8 and P16 (Fig. 2) . While there was no visible gradient of VIAAT-ir in the LSO at P8, i.e. prior hearingonset ( Fig. 2A c, c′) , it was clearly visible at P16, which is about 4 days after hearing-onset ( Fig. 2A b, b′) . The gradient became even more pronounced at P30 ( Fig. 2A a,  a′) . Quantification of VIAAT-immunosignal confirmed this observation (Fig. 2C) . Gray values of the lateral limb were 22% higher in P16 animals (medial: 1.453 ± 0.158, lateral: 1.770 ± 0.198; p = 0.001) and 31% at P30 (medial: 1.298 ± 0.123, lateral: 1.702 ± 0.204, p = 0.000012) compared to the medial limb. Thus, the VIAAT-ir gradient forms during postnatal development around hearingonset. Additional quantification of the VIAAT-ir in lateral and medial regions of the SPN at P30 revealed a 36% higher VIAAT-ir in lateral regions of this nucleus (Fig. 2B , medial: 1.925 ± 0.379, lateral: 2.579 ± 0.346, p = 0.000071).
To control for the possibility of a general gradient of neuronal or inhibitory proteins in the LSO and SPN of NMRI mice, we counterstained these nuclei with the neuronal marker NeuN and GlyT2, a marker for glycinergic synapses (Fig. 4A) . Quantification of gray values in medial and lateral regions revealed no gradient in either nucleus ( 
Activity-dependent formation of the VIAAT-gradient in the NMRI strain
The gradient in VIAAT-ir in NMRI mice is established during postnatal development of the auditory brainstem between P8 and P16. During this time period, neural activity along the auditory pathway can influence developmental processes [19, [21] [22] [23] [24] . To investigate the role of neuronal activity in gradient formation and maintenance, we first investigated Cldn14 −/− mice. These mice lack the tight junction protein claudin 14 and display a normal development of the auditory system until their hair cells degenerate before hearing-onset [16] . To test whether this affects formation of the VIAAT-ir gradient, Cldn14 −/− mice bred on an NMRI background were subjected to quantitative VIAAT-ir (Fig. 5A a, a′) . We found no significant differences in intensity between the lateral and the medial limb of the LSO in these mice ( Fig. 5B ; medial: 1.449 ± 0.125, lateral: 1.351 ± 0.217, p = 0.108). This result reveals that formation of the gradient requires neuronal activity.
To investigate whether also maintenance of the gradient is activity-dependent, we analyzed mice with cochlear ablation after hearing-onset. To this end, NMRI mice were subjected to bilateral cochlea removal at P27, i.e. roughly 2 weeks after hearing-onset. Successfully operated animals were killed 3 weeks after deafening at P48. Subsequent anti-VIAAT immunohistochemistry revealed the persistence of the gradient in these mice (Fig. 5A b, b′) . There was a significant 18% upregulation of the immunosignal in the lateral limb compared to the medial one ( Fig. 5B ; medial: 1.176 ± 0.115, lateral: 1.379 ± 0.122. p = 0.000242). This result indicates that activity deprivation after hearingonset does not influence the VIAAT gradient, at least during a 3-week period. Taken together, these results reveal that neuronal activity is required for the formation of the VIAAT-ir gradient in the LSO, but not for its maintenance.
No VIAAT-gradient in other wildtype mouse strains
Previous studies in our group [10] [11] [12] 19] led to the impression that the presence of the gradient was variable in control animals. We therefore hypothesized that it might be a function of the mouse strain in use. To test this conjecture, we also quantified VIAAT-ir in the LSO of three additional wildtype strains, namely CBA/J, C57Bl/6J and 129/SvJ (Fig. 6A) . Again, the quantitative analysis focused only on the LSO. Comparing the gray values of VIAAT-labeling in the lateral and the medial limb of the LSO at P30 in these strains revealed no significant differences ( SPN (a, b) . Dorsal is up, lateral to the right. Scale bars = 100 µm. B, C: Quantification of VIAAT-immunoreactivity in the SPN at P30 (B) and in the LSO at P30, P16 and P8 (C). Gray values were determined at medial and lateral regions of the respective nucleus. Bars only depict lateral values in % compared to medial. Medial values were set to 100% (dashed line). Gray values in the lateral limb of the LSO and SPN were significantly higher at P30 compared to the medial one. Significant higher immunoreactivity in the lateral LSO was already established at P16. As a test for statistical significance, Mann-Whitney U test was used. 14-15 ROIs were analyzed per animal and three animals per age. **p ≤ 0.05; ***p ≤ 0.001, ns not significant gradient of VIAAT in the LSO of NMRI mice is strainspecific. Furthermore, no gradient was obvious in the SPN.
Discussion
Here, we report a gradient of VIAAT-ir in the LSO and SPN of NMRI mice with high expression in the lateral limb and lower expression in the medial limb. This VIAAT-gradient does not result from an increased bouton number in the lateral limb compared to the medial one as shown by quantification of boutons in the LSO (Fig. 3) . The constant number of VIAAT-positive boutons in both limbs of the LSO in NMRI mice suggests a higher expression of VIAAT in single boutons of the medial limb. This can be explained by either an increased number of transporters per vesicle or by a larger vesicle pool in lateral boutons.
Tonotopic organization of the auditory system
Overall, the gradient followed the medio-lateral axis of the LSO and SPN and thus their tonotopic organization Statistical significance was tested using the Mann-Whitney U test. 15-18 ROIs were analyzed per animal and three animals per age. ns not significant as low frequencies are processed in the lateral and high frequencies in the medial part of these nuclei. Tonotopic organization, i.e. the tuning of topologically neighboring neurons to neighboring frequencies, is a characteristic property of the auditory system (Fig. 1) . Matching this tonotopic organization, several molecular gradients in expression patterns have been observed in the auditory system. In the cochlea, there is an opposing gradient of Kcnq4-expression, coding for the voltage gated potassium channel K v 7.4, in inner and outer hair cells [25, 26] . Additionally, the calcium binding proteins calbindin and β-parvalbumin display opposing gradients along the cochlea [27, 28] . On the level of the auditory brainstem, gradients of the potassium channels K v 1.1 and K v 1.3 are present in MNTB and LSO [29] [30] [31] . In the LSO of rats and gerbils there is a medio-lateral gradient of the glycine receptor with a higher abundancy in the medial limb [32] [33] [34] . Additionally, stronger immunoreactivity against the inhibitory neurotransmitters glycine and GABA was found in the medial limb of the LSO in gerbils, although this is most likely attributed to a higher neuron number in this limb [35] . So far, no gradient in the SPN was reported.
Presumably, these gradients provide the molecular basis for an efficient transduction of high frequencies in the medial limb of the auditory nuclei as fast repolarization and a reliable inhibition is crucial for the computation of high frequency sounds [36, 37] . Of note, the here reported VIAAT gradient shows strongest labeling in the lateral limb, which contrasts the previously described gradients of proteins associated with inhibitory transmission in gerbils and rats, which show high labeling of glycine receptors in the medial limb [32] [33] [34] . The physiological relevance of these inverse oriented gradients has still to be elucidated.
Activity-dependent formation of tonotopic gradients
The formation of tonotopic gradients often depend on the interplay between molecular factors and neuronal activity [38, 39] . Our analysis revealed that neuronal activity is required for the formation of this gradient, as the gradient is disrupted in deaf Cldn14 −/− mice. The appearance of the gradient between P8 and P16 indicates that its formation requires sound-driven activity. Furthermore, spontaneous activity is likely present in the Cldn14 −/− mouse model, as hair cells appear normal up to P7, and rapid loss of outer hair cells begins only thereafter [16] . However, a recent analysis of mice lacking the α9 subunit of nicotinic acetylcholine receptors demonstrated that already subtle alterations in the temporal fine structure of spontaneous activity disrupt proper development of the auditory brainstem such as correct axonal pruning [40] . To distinguish between the role of spontaneous versus sensory evoked activity in formation of the gradient, we attempted cochlear ablations around hearing-onset. However, initial experiments yielded poor survival rates. Thus, further studies are required to firmly conclude that the gradient depends solely on sensory-evoked activity.
Activity-dependent formation of tonotopic features agrees well with a previous analysis of tonotopic features in MNTB neurons of wildtype or congenital deaf dn/dn mice. Electrophysiological and molecular investigations −/− mice at P30 (a, a′). However, in animals subjected to bilateral cochlea ablation 2 weeks after hearing-onset, a clear gradient in the LSO was visible (b′). B: Quantification of VIAAT immunoreactivity in deaf and cochlea ablated animals. There was no difference between the medial and the lateral limb of the LSO in the congenital deaf mouse line but a significant higher immunoreactivity in the lateral limb of cochlea ablated animals. Bars only depict lateral values in % compared to medial. Medial values were set to 100% (dashed line). Statistical significance was tested using the Mann-Whitney U test. 14-15 ROIs were analyzed per animal and three animals per age. ***p ≤ 0.001, ns not significant in wildtype mice revealed gradients in high-and low threshold potassium conductances as well as in immunoreactivity for K v 3.1 and K v 1.1, contributing to these conductances. These tonotopic gradients were abrogated in congenital deaf dn/dn mice [31] . A similar observation was made for HNC4 channels and the associated hyperpolarization-activated currents [31] . Furthermore, the non-uniform distribution of glycine receptors in the LSO of gerbils is not established in cochlea ablated animals [41] . Finally, a recent analysis revealed an activity-dependent formation of a neuronal size gradient of MNTB neurons [42] .
Sensory activity is not only required for proper formation but also for maintenance of molecular patterns. A genome wide microarray analysis performed 3 or 21 days after cochlear ablation in adult rats detected 449 or 1.031 genes, respectively, with altered expression pattern. Among them were many genes encoding proteins for neurotransmission such as SNAP25 or GABA receptors [43] . As this study indicated stronger impact 3 weeks after sensory deprivation, we probed the role of activity for maintenance 21 days after cochlear ablation. This experimental design, however, did not interfere with the presence of the gradient. Therefore, sensory activity is apparently not required for the maintenance of the VIAAT-gradient once it has been established.
Strain-specific formation of the VIAAT-ir gradient
Intriguingly, the gradient was only present in NMRI mice among four different mouse strains tested (Fig. 2,  6 ). Noteworthy, this is to our knowledge the first time of a mouse strain-specific feature in tonotopicity. Wellestablished strain-specific auditory features refer to agerelated hearing loss or differences in auditory brainstem responses [44] [45] [46] . A splice variant of cadherin 23 which causes early onset of hearing loss after ~ 13 weeks of age is only present in a subset of mouse strains [47, 48] . Cadherin 23 was shown to be involved in tip-link formation between stereocilia of cochlear hair cells [49] . With respect to the central auditory pathway, detailed analysis of auditory brainstem responses revealed variation between 10 tested mouse strains. This concerned the amplitude increase with intensity, which reached a maximum and then leveled off or decreased with higher intensity, inter-peak I-IV latencies or the slope of latency-intensity function [46] . Unfortunately, NMRI mice had not been included in this study. A previous comparison of hearing thresholds in C57Bl/6J and NMRI mice at 7 month of age showed good hearing ability in the NMRI strain [50] . The good hearing of NMRI mice is also reflected in the frequent use of this strain in behavioral auditory studies [51] [52] [53] [54] [55] . However, to our knowledge there is no known characteristic in the hearing ability of NMRI mice that could account for the observed VIAATgradient in the LSO and SPN of these animals.
Finally, strain-specific formation of the VIAAT-gradient will provide a powerful tool for the identification of genetic factors involved in activity-dependent processes in the auditory system. This is of great importance in the auditory field, as deafness is among the most common sensory disorders [56, 57] . Cochlear implants are available to restore peripheral dysfunction, but do not bypass central auditory defects, which frequently occur [58] . One possibility is quantitative trait locus mapping [59] . This technique was already successfully used to identify a mutation in cadherin 23 associated with age-related hearing loss [60] . Recent advances such as the availability of chromosome substitution strains further alleviate this approach [61] . Alternatively, comparative transcriptome analysis can be performed between the SOC of NMRI mice and C57Bl6/J to identify genetic factors. A similar approach had recently identified crystallin N as an important protein for proper auditory brainstem development [12, 62] . A strain-based approach will be superior to the comparison of normal hearing and deaf mice, as the differences in gene expression are likely subtler between strains, facilitating the identification of candidate genes.
Conclusion
In this study, we reported a higher VIAAT-ir in lateral regions of the LSO and SPN compared to medial regions. The establishment of this gradient is developmentally regulated and forms between P8 and P16 in NMRI mice. Analysis of other commonly used wildtype strains revealed no such gradient, suggesting a strain-specific characteristic. This specificity paves the way to identify genetic factors involved in activity-dependent processes in the auditory hindbrain. This will be important with respect to auditory rehabilitation. Congenital deafness will interrupt those processes, therefore impairing the benefit from cochlear implants. Currently, the molecular mechanisms governing activity-dependent processes in the auditory system are unknown, thereby preventing new therapeutic approaches for restoring central auditory defects. Furthermore, our findings extend the auditory repertoire of strain-specific features, thus sending a note of caution when comparing data from different mouse strains. 
